The porous copolymers of 2,3-epoxypropyl methacrylate (GMA) cross-linked with 1,4-di(methacryloyloxy methyl)-naphthalene (DMN) were prepared in the form of regular microspheres by suspension-emulsion polymerization. The value of specific surface area varied from 106 to 42 m 2 g -1 depending on the molar ratio of functional monomer to cross-linker. In the next step, the porous methacrylate network was modified by subsequent reaction with pyrrolidone. After the process of modification, a significant drop in the value of specific surface area was observed. The thermal behavior of the parent and modified materials was studied using TG/DSC/FTIR methods. It was found that the process of modification also considerably changed the thermal properties of the polymers. The initial temperature of decomposition increases from 269°C for parent DMN-GMA1 copolymer to 274°C for modified DMN-GMA ? P. At the same time, the final decomposition temperature increases from 521 to 621°C. Temperature of the first maximum rate of mass loss (°C) T 2max
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Introduction
Polymeric adsorbents with highly developed internal structure have several strategic advantages over other porous materials like carbons, silica gels, or MOFs. For their synthesis, different reactions can be used, and they are insensitive to ambient air, easier to handle, and mechanically more stable. The broad range of available monomers enables their flexible functionalizations. In consequence, they have been the subject of intensive scientific research [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The traditional, but still exhaustively explored, polymeric adsorbent is macroporous polystyrene-divinylbenzene (PS-DVB). Due to its hydrophobic nature, PS-DVB interacts with analytes basically through van der Waals forces and the P-P interactions of the aromatic rings that make up the sorbent structure. The hydrophobic interactions with the adsorbates can lead to low adsorption capacity. This difficulty could be largely overcome by introducing polar functional groups into the adsorbent matrix. This purpose can be achieved by direct synthesis of polar adsorbents from a balanced ratio of a hydrophilic monomer and a cross-linker and the chemical modification of hydrophobic polymer skeleton with a suitable polar moiety. Polar monomer promotes hydrophilic interactions and favors interactions with water, whereas cross-linking agent increases the specific surface area, thermal and mechanical resistance and promotes hydrophobic interactions. As polar monomers, acrylonitrile [11, 12] , methacrylonitrile [13] , cyanomethyl styrene [14] , N-vinylimidazole [15] , 4-vinylimidazole [16] , 1-vinyl-2-pyrrolidone [17] , 2-hydroxyethyl methacrylate [18] , 4-vinylpyridine [19] [20] [21] are commonly used. Among crosslinking agents, divinylbenzene holds the prominent position. More polar cross-linkers from methacrylate family are also commercially available, but they are mainly aliphatic ones (e.g., ethylene glycol dimethacrylate, trimethylolpropane trimethacrylate) and do not provide considerable thermal resistance [3, 22] .
The aim of this study was to obtain polar copolymers with good thermal characteristics. For this purpose, aromatic 1,4-di(methacryloyloxy methyl)naphthalene was applied as cross-linker. In the next step, the porous methacrylate network was modified by subsequent reaction with pyrrolidone. Pyrrolidone was chosen for modification process, because it contains a highly polar amide group conferring hydrophilic and polar-attracting properties and also apolar methylene groups in the backbone and the ring, conferring hydrophobic properties. Due to its nontoxicity, biocompatibility and good complexing properties for ionic or P-electron system polymers based on pyrrolidone are widely used in different fields: beauty, textile and chemical industry, pharmacy, medicine. Despite the diverse properties in a single material, direct synthesis of VP-based copolymers is not a simple task. This is caused by the fact that radical copolymerizations involving VP are usually characterized by low value of reactivity ratios r VP . In most cases, they approximately equal zero. Consequently, VP and the most available monomers do not copolymerize well. To overcome this drawback, the modification of polymer matrix containing reactive epoxy ring was carried out.
Experimental
Chemicals 2,3-Epoxypropyl methacrylate (GMA) was washed with 5% aqueous sodium hydroxide in order to remove inhibitors. Bis(2-ethylhexyl) sulfosuccinate sodium salt (DAC,BP), a,a 0 -azoisobutyronitrile (AIBN), and pyrrolidone were purchased from Fluka AG (Buchs, Switzerland), and were used without purification. Toluene, n-dodecane, acetone, and methanol (reagent grade) were from POCh (Gliwice, Poland). Diethylenetriamine was purchased from Sigma-Aldrich. 1,4-Di(methacryloyloxy methyl)naphthalene (DMN) was obtained in our laboratory according to the procedure described elsewhere [23] [24] [25] .
Preparation of the GMA-co-DMN microspheres
Copolymerization was performed in an aqueous suspension medium. In order to dissolve the surfactant, 195 mL of distilled water and 2.2 g of bis(2-ethylhexyl)sulfosuccinate sodium salt were stirred for 2 h at 80°C. Then, the solution containing 15 g of monomers (GMA and DMN), and 0.2 g of a,a 0 -azoisobutyronitrile dissolved in 22.5 mL of toluene was prepared and added while stirring to the aqueous medium. Molar ratios of GMA to TRIM were changed from 1:1 to 5:1. Copolymerization was performed for 20 h at 80°C. Porous beads formed in this process were filtered off, and an extensive cleaning procedure was applied in order to remove the diluent unreacted monomers and physically adsorbed stabilizer. The cleaning process was as follows: The microspheres were separated from the aqueous phase by filtration of the polymerization mixture by 5-lm filter papers. The microspheres were first washed with water, and the polymeric aggregates were removed by sieving. The microspheres were dispersed in water, and the dispersion was sonificated for 0.5 h in an ultrasonic bath. Next, the water phase was removed and the microspheres were resuspended in methyl alcohol. This dispersion was sonificated for 1 h. Methyl alcohol was removed, and the microspheres were transferred into toluene and were kept there by stirring for about 0.5 h. Then, the toluene was removed and microspheres were stirred with methyl alcohol for about 0.5 h. Methyl alcohol was removed, and the microspheres were washed with distilled water, filtered and dried in vacuum oven at 65°for 48 h.
Modification of the epoxy groups
The epoxy groups present in the copolymer were modified during the reaction with pyrrolidone. The procedure was as follows: In a 250-cm 3 round-bottomed two-necked flask equipped with a mechanical stirrer and a thermometer, 10 g of selected beads was placed together with the excess of pyrrolidone and left for 24 h to swell. Then, the whole content was heated at 150°C for 8 h. The obtained modified beads were washed with distilled water, filtered off, and cleaned as described above.
Methods of analysis
Textural characterization of the copolymers was carried out by the low-temperature nitrogen adsorption-desorption method. Nitrogen adsorption-desorption isotherms were obtained at the liquid nitrogen temperature using a volumetric adsorption analyzer ASAP 2405 (Micromeritics Inc., USA). The measurements of the porous structure of the copolymers were preceded by outgassing of the samples at 140°C for 2 h. The specific surface area of the investigated samples was calculated by the Brunauer-Emmett-Teller (BET) method for the adsorption data in the range of a relative pressure p/po 0.05-0.25. The total pore volume was estimated from a single-point adsorption at a relative pressure of 0.985. The pore size was obtained from the desorption branch of the isotherm using the Barrett-Joyner-Halenda (BJH) procedure. The surface of the obtained beads was also examined using an atomic force microscope (AFM), AFM Nanoscope III, Digital Instruments, operating in contact mode and scanning microscope Phenom Word, FEI.
The thermal properties of the synthesized composites were evaluated on the basis of measurements taken using the STA449, F1 Jupiter analyzer from Netzsch (Günzbung, Germany). The procedure was as follows: About 10 mg of the sample was placed in the TG pan and heated in helium or in air atmosphere at a rate of 10 K min -1 up to 1000°C with the sample mass of about 10 mg. The initial decomposition temperature (IDT), T 20% , T 50% of mass loss, and the final decomposition temperature (FDT) were determined.
The gaseous decomposition products formed under the degradation of functionalized copolymers were analyzed by means of a FTIR spectrometer TGA 585 Bruker (Germany) coupled online to a STA instrument by a Teflon transfer line. Each FTIR spectrum was gathered every 10°C in the spectral range from 600 to 4000 cm -1 with a resolution of 4 cm -1 . Calorimetric measurements were taken with the Netzsch DSC 204 calorimeter (Germany) operating in the dynamic mode. The dynamic scans were performed at the heating rate of 10 K min -1 from room temperature to the maximum of 500°C under argon (30 mL min -1 ) atmosphere. The mass of the sample was about 10 mg. As a reference, an empty aluminum crucible was used.
Results and discussion
Porous copolymers of poly(DMN-co-GMA) used in this study were synthesized through suspension; modified suspension polymerization was used. In this technique, stabilizers of high molecular weights typical for suspension polymerization were replaced by an anionic surfactant. The surfactant exceeded the critical micelle concentration (cmc). As a result, regular microspheres with diameters in the range of 20-50 lm were formed (Fig. 1) .
During the synthesis, DMN served as a cross-linker and is responsible for the mechanical and thermal properties of the resulting polymeric matrix. GMA provides epoxy groups, which are effective for introducing the target groups. The molar ratio of the functional monomer to the cross-linker was increased from 1:1 to 1:5. The resulting poly(DMN-co-GMA) microspheres were functionalized by ring-opening reaction of oxirane with the pyrrolidone to produce DMN-GMA ? P adsorbent as shown in Fig. 2 .
The elemental analysis of the parent and functionalized adsorbents is presented in Table 1 . The measured elemental fractions in the copolymer are very close to the values calculated from the initial monomer mixtures. These data suggested that the GMA and DMN copolymerized almost quantitatively. This fact is also confirmed by the values of epoxy group content ( Table 2 ). The determined epoxy group fractions in the copolymers increased with the increase in amount of GMA in the polymerization mixture. This dependence was also confirmed by means of infrared spectroscopy. ATR spectra (Fig. 3) show the increase in the intensity of peaks attributed to the epoxy group (993, 908, and 848 cm -1 ) along with the increase of GMA in the polymerization mixture.
The method of elemental analysis and infrared spectroscopy was also used to confirm the conversion of the epoxy group with pyrrolidone. The functionalized DMN-GMA ? P copolymers show the disappearance of the peak at 1340 cm -1 and a decrease in absorbance of peaks at 993, 908 and 848 cm -1 coming from epoxy group, while the new peak at 1650 cm -1 appears due to pyrrolidone units suggesting the successful conversion of the epoxy groups with pyrrolidone (Fig. 4) . However, the degree of epoxy group conversion (evaluated on the basis of elemental analysis) is not high.
Since the copolymers under study can be applied as adsorbents, it was also of interest to investigate their internal structure. Depending on the molar ratio of the functional monomer to the cross-linker, the value of specific surface area decreases from 106 m 2 g -1 for the DMN-GMA1 (parent copolymer, molar ratio of di(methacryloyloxy methyl) naphthalene to glycidyl methacrylate equals 1:1) to 42 m 2 g -1 for DMN-GMA5 (molar ratio of di(methacryloyloxy methyl) naphthalene to glycidyl methacrylate equals 1:5). At the same time, pore diameter increases from 40 to 50 nm. What is more, in the case of DMN-GMA1 copolymer, additionally, pores of diameters equal to 25 nm are observed.
The newly obtained modified copolymers considerably differ from the parent ones in terms of porous structure parameters. First of all, the modification process leads to noticeable decrease in the basic parameters of the internal structure ( Table 3 ). The value of specific surface area decreases from 106 m 2 g -1 for DMN-GMA1 to 73 m 2 g -1
for DMN-GMA1 ? P copolymer. At the same time, pore After the process of modification of the DMN-GMA5 copolymer, a significant drop in the specific surface area from 42 to 26 m 2 g -1 was observed. Figure 5 presents the AFM image of the parent DMN-GMA1 copolymer. It was found out that there is a strong relationship between the porosity and roughness parameters [26] . Calculated on the basis of AFM measurements, the root-mean-square (RMS) roughness is equal to 10.5 nm. The value is in good correlation with the mesoporous structure of the copolymer.
The process of modification of the DMN-co-GMA copolymers with pyrrolidone also changes the thermal properties of the newly obtained materials. The main parameters evaluated on the basis of these curves determined in helium atmosphere for the whole series of copolymers are presented in Table 4 . From these data, one can see that increasing the molar ratio of GMA to DMN Synthesis and thermal properties of parent and modified DMN-co-GMA copolymers 973 from 1:1 to 5:1 slightly changes the thermal resistance of the copolymers. The enlargement of the quantity of GMA in the copolymers causes changes in the curse of TG and DTG curves. Along with the increasing of GMA amount, additional peak on the DTG curve at temperature of about 290°C appears (Fig. 6 ). It can be connected with the degradation of epoxy group. This process is also confirmed by the lack of such a peak in the case of copolymers modified with pyrrolidone (Fig. 7) . It was also of interest to compare the impact of different cross-linkers on the thermal resistance of the obtained copolymers. It was found out that the type of cross-linker has a significant impact on the thermal behavior of the synthesized materials. GMA-co-DMN copolymers start to decompose at temperature 50°C higher comparing with copolymers cross-linked with trimethylene trimethacrylate (Fig. 8) [27] . This fact clearly shows the desirability of the usage of aromatic cross-linkers like di(methacryloyloxy methyl)naphthalene.
In the case of analysis conducted in air, the pyrrolidone groups introduced on the surface of the copolymers contribute to the changes in thermal behavior of the materials under study. The IDT of modified copolymers is higher in comparison with the values of their unmodified counterparts (Table 5) . Figure 9 presents FTIR 3D spectrum of the volatile decomposition products. As it is clearly visible at temperatures ranging from 40 to 235°C, only the moisture vaporization from the studied materials is observed. As the temperature increased, the formation of additional gaseous products was observed what suggested the beginning of decomposition processes of the copolymers. The analysis of the chemical structure of GMA and DMN molecules suggests that the ester bonds present in matrices' networks will decompose at the first stage. Both a-hydrogen bond scission (formation and emission of aldehydes) and b-hydrogen bond scission (formation and emission of carboxylic and vinyl compounds) are possible in the case of GMA-derived units [22] . In DMN-derived units present in networks, only bhydrogen bond scission is likely. At the emission spectrum of DMN-co-GMA at the first maximum of decomposition (Fig. 10) . What is more, on the FTIR spectrum, vibrations representative of CO 2 (2354 cm -1 ) and CO (2171 and 2120 cm -1 ) are present. Moreover, the evolution of water was confirmed by absorption bands in the spectrum region of 3800-3600 and 1600-1400 cm -1 . The next maximum of emission of gases produced during the sample decomposition was observed at about 400°C. At this temperature the cross-linked parts of the sample decomposed, and in consequence, significant evolution of carbon dioxide (peaks at 2357, 2311 and 670 cm -1 ) and carbon monoxide (peaks at 2174, 2120 cm -1 ) connected with decarboxylation processes was observed. In the case of DMN-co-GMA copolymers modified with pyrrolidone, only one maximum of emission gases at temperature of about 400°C is observed (Fig. 11) . Figure 12 presents the Gram-Schmidt plots obtained during the thermal decomposition of the parent copolymers. Two separated peaks are visible on the curves. Their maxima remain in accordance with T 1max and T 2max on the DTG curves (Fig. 10) . After the process of modification with pyrrolidone, only one peak on the GramSchmidt plot is visible (Fig. 13) . The FTIR spectrum that corresponds to the maximum of the Gram-Schmidt plots is presented in Fig. 14.
Volatile decomposition products

DSC measurements
The differences in thermal behavior between parent and functionalized copolymers were also noticed during DSC measurements (Table 6) . By looking at the DSC curves of parent copolymers obtained at helium, few thermal events can be seen, both exothermic and endothermic ones (Figs. 15, 16 ). The first endothermic peak (T 1 ) on the DSC curve can be attributed to the process of moisture vaporization from the studied materials. Along with increasing of the amount of epoxy group in parent copolymers and pyrrolidone units in modified ones, the amount of adsorbed water and consequently the enthalpy of vaporization process (DH 1 ) significantly increase. The second endothermic peak with the maximum at the temperature of about 350°C (T 3 ) can be attributed to the decomposition of epoxy ring in the case of parent copolymers and the pyrrolidone Temperature/°C Mass/% 500 600 700 Fig. 8 TG curves of TRIM-co-GMA and DMN-co-GMA copolymers determined in helium The exothermic reactions in the thermal treatment of DMN-co-GMA copolymers could be caused by pendant double bonds. It has been reported that highly cross-linked porous copolymers can contain considerable amount of unreacted double bonds [27] . They can undergo reaction of thermal polymerization. As a result, exothermic peak at about 260°C (T 2 ) can be observed. After the process of modification with pyrrolidone, the course of DSC curves has been changed. Due to high temperature of modification (150°C), the exothermic peek connected with thermal polymerization of double bounds does not appear. Gram Schmidt*10 -2
Fig. 14 DTG curve [1] and Gram-Schmidt plot [2] for DMN-co-GMA1?P 
Conclusions
Porous copolymers of glycidyl methacrylate cross-linked with di(methacryloyloxy methyl) naphthalene were synthesized in the form of microspheres. The application of the aromatic cross-linker allowed to obtain material with better thermal resistance comparing with copolymers on the basis of aliphatic ones. In the next step, the reactive epoxy groups present in the copolymers were modified by subsequent reaction with pyrrolidone. The process of modification led to significant changes in the textural and thermal properties of the functionalized materials. Considerable decreasing of the value of specific surface area, pore volume and pore diameter were observed in the case of modified copolymers. What is interesting is that the thermal stability of the polymer increases with the introduction of the functional groups. What is more, the course of TG, DTG and DSC curves of parent copolymer is at variance with the functionalized ones.
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